ATP-dependent, inorganic phosphate-supported 45Ca2' uptake by digitonin-lysed adult rat ventricular cardiomyocytes was used to evaluate the effects of simulated ischemia and reperfusion on the physically intact sarcoplasmic reticulum. Mitochondrial reactions were inhibited with rotenone and oligomycin.
cytes incubated with and without inhibitors of calcium efflux. We have also examined SR 45Ca2' uptake by lysed cells preincubated in the intact state under conditions designed to simulate ischemia and reperfusion.
The results indicate that when efflux is inhibited, SR 45Ca2' uptake is depressed by acidosis and a decline in [ATP] . In the absence of efflux inhibitors, increases in
[ATP] and free Mg2`increase net calcium accumulation by the SR. Prolonged ischemia and reperfusion produce substantial changes in the SR that are not immediately reversible.
Materials and Methods Myocytes
Ventricular myocytes were isolated as previously described9 using collagenase perfusion of hearts from 300-350 g male Sprague-Dawley rats fed ad libitum. Preparations for this series of experiments contained 68-80% calcium-tolerant rod-shaped myocytes, and 80-92% of the cells excluded trypan blue. Yields were 35-65 mg cell protein per heart, and no preparations were excluded from study. pyruvate 5, HEPES 25, 2% bovine serum albumin, 0.6 gg/ml insulin, and GIBCO vitamin and amino acid supplements (GIBCO Laboratories, Grand Island, N.Y.). In a second series of experiments, which were designed to simulate ischemia and reperfusion, rotenone was replaced by 5 mM amobarbital (Amytal), and after a 60-minute "ischemic" incubation, cells were "reperfused" by washing twice with Amytal-free buffer, diluting to 2 mg cell protein/ml, and incubating under room air at 37°C for an additional 5 minutes. Although rotenone and Amytal both inhibit NADH dehydrogenase, inhibition by rotenone is irreversible, whereas Amytal washout fully restores electron transport through complex I. On the other hand, effects of Amytal can vary from lot to lot, and even with a maximally effective concentration, there can be some residual electron transport. Hence, we typically use rotenone to block mitochondrial ATP 
Protein
All denatured cell pellets were washed twice with acetone, dried, and dissolved in 1N NaOH. The dissolved protein was assayed by the method of Lowry et al13 using bovine serum albumin as the standard.
Data Analysis
Uptake data were analyzed by nonlinear regression using the GRAPHPAD program (Motulsky, 1989) and are reported as nanomoles 45Ca'+ per minute per milligram lysed cell protein (+SEM).
Results
The SR of digitonin-lysed myocytes appears to be physically intact.14 Thus, unlike SR vesicles, the entire reticulum is sensitive to factors affecting the calcium release channels or "ryanodine receptors" of the junctional and corbular SR. Therefore, it becomes necessary to inhibit these channels to obtain meaningful kinetic data on unidirectional Ca'+ uptake by the SR of lysed myocytes. Previous work from this laboratory has established that 10 mM procaine and 30 ,M ruthenium red (recrystallized) give optimum inhibition of the calcium release channels. Conversely, properties of these channels, which may be involved in calcium-induced calcium release,15 can be deduced by comparing Ca'+ uptake at a given pCa, under otherwise identical conditions, in the presence and absence of efflux inhibitors. Identical uptake values indicate inactive efflux channels, whereas a lower net uptake by lysed myocytes incubated without procaine and ruthenium red indicates efflux of some accumulated SR Ca2`.
Effects ofAcidosis
As shown in Figure 1A , in the absence of efflux inhibitors, 45Ca2' uptake by the SR of lysed myocytes as a function of pCa is significantly greater at pH 7.2 than at pH 6.6. In both cases, however, uptake peaks at pCa 6.0-6.2 and then declines at lower pCa (higher free Ca2+). With inhibition of calcium efflux by procaine and ruthenium red, there is a pronounced shift in the Ko.5 for unidirectional uptake from 0.5 ,uM at pH 7.2 to 2.0 uM at pH 6.6 ( Figure 1B Figure 2A , increasing free {Mg2+] from 0.5 to 1.0 mM has no effect on SR 45Ca2+ uptake at pH 6.6 in the presence of procaine and ruthenium red. However, in the absence of efflux inhibitors, net uptake is increased at the higher free [Mg2+] ( Figure 2B Figure 3A ). In the absence of efflux inhibitors, net uptake was also greater at the higher [ATP] ( Figure 3B ).
Effects of Simulated Ischemia and Reperfusion
After 60 minutes of simulated ischemia, extracellular pH had fallen to -6.0. There were also significant declines in the ATP content of intact myocytes, and the number of viable rod-shaped cells fell from 71% to 10% of the total population. Nevertheless, nearly half of the cells retained a physically intact sarcolemma and were able to exclude trypan blue. Similar changes were observed in cells subjected to simulated ischemia and reperfusion. These results are summarized in Table 1 .
As shown in Figure 4A , maximum net 45Ca2' uptake in the presence of procaine and ruthenium red declined 50% in cells subjected to simulated ischemia and 70% in those subjected to simulated ischemia and reperfusion. Without efflux inhibitors, maximum uptake declined by 75% in the ischemic and 80% in the reperfused cells ( Figure 4B ). Dithiothreitol did not reverse the effects of ischemia and reperfusion ( Figure 5 ). It increased maximum uptake somewhat in ischemic cells but decreased it in cells subjected to simulated ischemia and reperfusion.
It must be emphasized here that cells exposed to simulated ischemia or ischemia and reperfusion before digitonin lysis were treated exactly like freshly isolated control cells in studies of SR calcium uptake. Any changes in the cytosolic environment attributable to incubation conditions were essentially eliminated by digitonin lysis and inclusion of compounds such as ATP, phosphocreatine, EGTA, and BES in the assay media. In an earlier study, we noted that 45Ca2+ uptake in the presence of 10 mM total ATP fell by 40% when phosphocreatine was omitted and ATP/ADP ratios were allowed to decline to <10 over the standard 5-minute incubation.9 In that study, when phosphocreatine and creatine phosphokinase were included in the assay medium, ATP/ADP ratios after 5 minutes averaged 160. Although identical amounts of phosphocreatine and creatine phosphokinase were used in the present work, it is quite likely that ATP/ADP ratios were lowered by reducing [ATP] . At 
Additional Effects of P,
It is well established that one of the earliest cytosolic changes in the hypoxic or ischemic myocardium is an 20 mg/ml in the presence of glucose and rotenone lost 85% of total cellular ATP. It would appear that the protocols used in the present study bear far more resemblance to ischemia than to simple chemical hypoxia.
The data shown in Figure 4 demonstrate that simulated ischemia and reperfusion cause a striking decline in SR function. Unlike the case with intact globally ischemic rat hearts,29 however, depressed SR uptake was not reversed by ruthenium red. The magnitude of this decline was far greater than the increase in nonviable cells permeable to trypan blue. It is noteworthy that cells subjected to simulated ischemia and reperfusion exhibited a greater depression of SR function than those subjected to ischemia alone. The latter cells also contained lower intracellular ATP, but cell viability was similar in both groups.
There are indications that oxidant injury is partially responsible for postischemic contractile dysfunction,30 and dithiothreitol has been shown to restore contractile function in oxidant-injured cardiac muscle.31 As shown in Figure 5, 
